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Introduction   
 
Locoweeds are the most widespread poisonous plant problem worldwide affecting 
grazing animals, and have been reported in the western United States since the 
1800’s (Cook et al., 2009).  Continued consumption of locoweeds by grazing 
animals causes the neurological disease, locoism, characterized by weight loss, 
ataxia, and lack of muscular coordination, due to poisoning by the indolizidine 
alkaloid swainsonine.  Swainsonine is produced by Alternaria section Undifilum 
fungal endophytes associated with locoweed plants (Pryor et al., 2009; Baucom et 
al., 2012). Poisonous plants including locoweeds from the genus Astragalus and 
Oxytropis have a substantial economic impact in the rangelands of western United 
States, where they are responsible for more than $250 million in annual income 
losses associated with death of poisoned livestock and management costs (Allison 
et al., 2016). 
 Plant identification has been an essential act for humankind in consuming and 
conserving plants and has traditionally been accomplished through morphological 
characteristics, although for certain plant types, the features separating plant species 
are difficult to identify and may not be available throughout a season.  Astragalus 
is the largest genus of flowering plants with 2,500 to 3,000 species of Astragalus 
worldwide, and about 500 taxa of Astragalus in western North America 
(Barneby1964). The morphological characteristics of Astragalus species are highly 
similar and overlap among species. Morphological identification of Astragalus 
species depends on primary factors such as seed pod morphology and in some cases 
color of the flowers (Fox et al., 1998). These characters are difficult to distinguish, 
and morphological changes over a season make morphological determinations 
impossible in some seasons. Molecular tools may offer a more precise system that 
is less dependent on plant phenology and may help clarify groups that present 
taxonomic difficulty.      
 The use of DNA barcoding facilitates the process of plant identification since 
the entire plant is not needed.  With only a small amount of DNA, identification is 
less subjective, relatively quick, easy and applicable independent of season. With 
the use of DNA barcoding, the process of generating phylogenetic trees to 
understand plants relationships becomes possible. Chloroplast DNA (cpDNA) and 
the nuclear ribosomal internal transcribed spacer (nrDNA ITS) (Wojciechowski et 
al., 1999, 2005 and Scherson et al., 2008) have been used previously to investigate 
phylogenetic relationships among Astragalus species found in North America. 
Construction of phylogenetic trees of A. mollissimus varieties found in New Mexico 
using restriction enzymes to produce markers from the chloroplast genome helped 
differentiate the species and varieties which coincided with their geographical 
distribution (Kulshreshtha et al., 2004). Shaw et al., (2005, 2007) improved 
phylogenetic analyses of angiosperms by determining the average potentially 
informative characteristics value (PIC), and demonstrated that many non-coding 
1
Neyaz et al.: Molecular Differentiation of Astragalus Species and Varieties from the Western United States
Published by DigitalCommons@USU, 2020
chloroplast regions provide good phylogenetic separation. In addition, the fully 
sequenced chloroplast genome of A. membranaceus (Lei et al., 2016) facilitated the 
choice of the chloroplast markers in the current study.  
 Molecular identification and differentiation of Astragalus species and varieties 
are important. Previous studies found a correlation between the presence or absence 
of swainsonine among Astragalus species that were morphologically and 
phylogenetically related (Cook et al., 2016, 2017). Therefore, understanding the 
relationships among Astragalus species and varieties answers evolutionary 
questions that could help in understanding plant-endophyte relationship.  
Phylogenetic relationships among Astragalus species and varieties from the 
western United States (TX, UT, CA, AZ, NV, ID, OR, NM, and CO) have not been 
fully determined, and identification of these poisonous species has been 
accomplished primarily through morphological characteristics. Also, even though 
markers from the nuclear and the chloroplast genomes have been used to 
differentiate Astragalus species, phylogeny failed to adequately differentiate 
Astragalus varieties (Scherson et al., 2008).  
 In this study, we describe the relationship among commonly occurring 
Astragalus species and varieties throughout the western United States by 
comparing nuclear marker ITS and chloroplast markers rpl32-trnL, trnH-psbA and 
the hyper mutation region DE DEf-DEr sequences and phylogenetic trees. This 
study aimed to investigate if additional chloroplast markers identified through the 
study of Shaw et al., (2005, 2007), and the analysis of the fully sequenced 
chloroplast genome of A. membranaceus by Lei et al., (2016) with a combination 
of the nuclear marker ITS from Baldwin and Markos (1998) would elucidate the 
phylogenetic relationships of the overlapping species and varieties of Astragalus 
found in western United States. We hypothesized that chloroplast markers would 
have sufficient variability to differentiate species and varieties of Astragalus and 
the concatenated tree would generate well supported phylogenetic analysis to 
understand the evolutionary history of the plant.  
 
Materials and Methods 
 
Selection of Taxa and Source of Plant Materials.  
Dried leaves were collected from ten populations within Astragalus lentiginosus, 
six populations within Astragalus mollissimus and four plant species, A. amphioxys, 
A. wootonii, A. cerussatus, and A. trichopodus (Table 1).  Plant samples were not 
collected randomly; selection of plants was based on their location, swainsonine 
content, and availability.   
Genomic DNA Extraction.  
Dried leaves, approximately 2-10 mg, from each individual sample were placed 
into 1.5mL tubes, frozen with liquid nitrogen, and ground into powder. Genomic 
DNA was extracted and purified using the E.Z.N. A® Tissue DNA Kit (OMEGA 
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Bio-tek), and was stored at -80C. DNA quality (yield and ratio) for each sample 
was assessed using a Nanophotometer (IMPLEN P-class S/N:5656. Skeen Hall 
W341) but generally were 10-100 ng/μL.  
Molecular Markers and Polymerase Chain Reaction (PCR) Amplification.  
DNA extracted from each sample was subjected to PCR. A 50 μL PCR reaction 
mixture consisted of 5 μL of 10X standard Taq reaction buffer (New England 
BioLabs® Inc.), 1 μL each of 10mM dNTPs, forward and reverse primers 
(synthesized by Eurofins Scientific), and 0.25 μL of Taq polymerase (New England 
BioLabs® Inc.). Primer information is shown in (Table 2).  
 Primers that amplified the chloroplast genome are trnH-psbA (intergenic spacer 
non-coding region) (Shaw 2005), with a modified trnH-F’ (5’- 
TTGATCCACTTGGCTACATC-3’), the noncoding region rpl32-trnL (Shaw et al. 
2007), and the hyper mutation region DE DEf-DEr (Lei et al., 2016). The trnH-
psbA and the hyper mutation region DE DEf-DEr primer sets amplify from the 
large single copy (LSC) of the chloroplast genome, and the rpl32-trnL primer set 
amplifies from the small single copy (SSC) (Lei et al. 2016). 
 The PCR conditions for trnH-psbA region are as follows: initial denaturation 
95°C for 5 min, followed by 30 cycles of 95°/30s, 54°C/1 min, 72°C/1 min, and 
extension at 72°C for 10 min. The PCR conditions for the hyper mutation region 
DE DEf-DEr are as follows: initial denaturation 95°C for 5 min, followed by 30 
cycles of 95°C/1 min, 52°C/30 s,72°C/1 min, and extension at 72°C for 10 min.  
The PCR conditions for rpl32-trnL are as follows: initial denaturation 80°C for 5 
min, followed by 95°C/1 min, 50°C/1 min, 65°C/4 min, with a ramp of 0.3°C/s 
65°C, and extension of 72°C/5 min. Nuclear gene analysis was determined by the 
internal transcribed spacer (ITS1-ITS4) (Baldwin and Markos 1998). The PCR 
conditions for the ITS1-ITS4 region are as followed: initial denaturation 95°C for 
5 min, cycle denaturation 95°C for 0:45 s, annealing 58.6°C for 1 min, extension 
72°C for 0:30 s, repeated 29X, and final extension 72°C for 5 min. The PCR 
products were subjected to 1% agarose gel electrophoresis at 110V using 100bp 
ladder (Gold Biotechnology Inc., GoldBio) and visualized by Green ViewTM Plus 
(ABP Bioscience, LLC.) under the ultraviolet light.  
DNA sequencing and Phylogenetic Analysis.  
PCR amplicons were sequenced by Molecular Cloning Laboratories MCLAB (San 
Francisco). Sequences for each amplicon were visually analyzed, manually edited, 
and aligned by MUSCLE (3.8.425 by Robert C. Edgar) using Geneious prime 
2019.2.3 software (Geneious Prime® Created by Biomatters development team). 
Phylogenetic trees were generated for four primer sets ITS1-ITS4, trnH-psbA, DE 
DEf-DEr and rpl32-trnL using PAUP*4.0a166 plugin software (Swofford, D. L. 
2003. PAUP*. Version 4. Sinauer Associates, Sunderland, Massachusetts).  
Maximum Parsimony was used to show evolutionary relationships for individual 
trees for the ITS1-ITS4, trnH-psbA, and rpl32-trnL primer sets (Fig. 1-3). The same 
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sequences were concatenated to form one alignment to generate the concatenated 
tree, which was analyzed using Geneious tree builder UPGMA approach. Jukes-
Cantor was used as an evolutionary model parameter, 1000 replicates, and 70% 
consensus threshold. Maximum likelihood was used to show which plants showed 
changes in the hyper variable region of DE DEf-Der, and thus was not used to 
generate the concatenated tree. All trees were rooted except for the tree of the hyper 
mutation region DE, and A. amphioxys was used for the outgroup because it is a 
non-toxic species that appears to be genetically distinct from the other species under 
investigation. Single individuals were used for final trees to test for primer validity.  
 
Table 1. Plant source and collection location for Astragalus species and varieties.  
 
Location Storage Genus Species Variety 
Truth or Consequences, NM  Astragalus wootonii   
Truth or Consequences, NM  Astragalus amphioxys    
Alpine, TX (CF Ranch)  Astragalus mollissimus earlei 
Farley, NM  Astragalus mollissimus mollissimus 
San Juan, NM  *  Astragalus mollissimus matthewsii 
Mogollon plateau, NM  *  Astragalus mollissimus mogollonicus 
City of Rocks, NM  Astragalus mollissimus bigelovii 
Shiprock, NM  Astragalus mollissimus thompsoniae 
San Diego, CA  Astragalus trichopodus   
Conejos, CO  Astragalus cerussatus   
 Maricopa Carefree, AZ  *  Astragalus lentiginosus maricopae 
Juntura, OR  Astragalus lentiginosus lentiginosus 
Lincoln, NV  *  Astragalus lentiginosus stramineus 
Hanksville, UT  Astragalus lentiginosus wahweapensis 
Santa Rosa Range, NV  *  Astragalus lentiginosus floribundus 
St. Johns, AZ  Astragalus lentiginosus diphysus 
Oneida, ID  Astragalus lentiginosus platyphyllidius 
Tooele, UT  Astragalus lentiginosus pohlii 
  ---   *  Astragalus lentiginosus macrolobus 
Wah Wah Valley, UT  Astragalus lentiginosus araneosus 
 
 (*) indicates plant material stored at New Mexico State University Range Science Herbarium 
NMCR. (-) indicates that there was no location recorded for the plant sample. 
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Table 2. Primer sets used for phylogenetic construction. 
 
Primer Genome Size  Sequence (5'-3') Reference 
ITS1-f'/ITS4-r' Nuclear 700bp  f'- TCCGTAGGTGAACCTGCGG Baldwin and Markos 1998 
   r'- TCCTCCGCTTATTGATATGC  
     
trnH-f'/PsbA-r' Chloroplast 600bp  f'- CGCATGGTGGATTCACAAATC Sang et al., 1997 
   r'- TGCATGGTTCCTTGGTAACTTC  
     
DE-f'/DE-r' Chloroplast 300bp  f'- ACGCAGAGATAAAGAAATAGAGAA Lei et al., 2016 
   r'-TGGATCGGGGACAAACT  
     
rpl32-f'/trnL-r' Chloroplast 900bp  f'- CAGTTCCAAAAAAACGTACTTC Shaw et al., 2007 
      r'- CTGCTTCCTAAGAGCAGCGT   
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Results and Discussion 
 
Amplified sequences from the nuclear genome and the chloroplast genome were 
deposited into Genbank; accession numbers are shown in Table 3. The nuclear ITS 
sequence allowed the differentiation between A. lentiginosus varieties into two 
groups, with one group forming a separate clade with 85% bootstrap values, 
including A. lentiginosus var. pohlii and A. lentiginosus var. platyphyllidius. The 
nuclear ITS sequence was not efficient in differentiating amongst A. mollissimus 
varieties, and A. mollissimus var. matthewsii was shown to be closely related to A. 
wootonii with bootstrap values of 100%, which was unexpected. These unexpected 
results may suggest the potential for an incorrect morphological identification of at 
least one of the plants (Figure 1). 
 The non-coding chloroplast region rpl32-trnL provided maximum 
differentiation of A. mollissimus varieties due to the sufficient number of 
informative sites in the region. Polymorphism similarities, insertion, and deletion 
events were found distributed across the region which would be expected from a 
highly conserved non-coding region. In contrast, the rpl32-trnL marker didn’t 
distinguish amongst A. lentiginosus varieties, but grouped all the varieties in one 
clade (Figure 2). 
 The non-coding chloroplast region trnH-psbA differentiated between only two 
varieties of A. mollissimus due to lower number of informative sites compared to 
the rpl32-trnL region. On the other hand, unlike the rpl32-trnL marker and like the 
ITS marker, trnH-psbA marker grouped A. lentiginosus var. platyphyllidius and A. 
lentiginosus var. pohlii with bootstrap values of 63% (Figure 3). The grouping 
together of A. lentiginosus varieties pohlii and platyphyllidius is interesting since 
those two varieties are morphologically similar and are highly morphologically 
distinct from other varieties of A. lentiginosus. 
 Nucleotide alignment of the hyper mutation region of the chloroplast genome 
DE DEf-DEr gave a mutational rate and polymorphism similarities that were shared 
between A. cerussatus, A. trichopodus, A. amphioxys, A. lentiginosus var. 
stramineus, and A. lentiginosus var. maricopae, which were grouped together.  A. 
mollissimus var. mogollonicus shared some similar deletion events, thus, was 
closely related to this group. Two deletion events were found in A. mollissimus var. 
mollissimus and var. earlei, and the second deletion event consisted of a 137 bp 
deletion. These deletion events were not found in A. mollissimus var. bigelovii, var. 
thompsoniae, or var. matthewsii, which therefore, formed a separate clade (Figure 
4). This hyper mutation primer set allowed for testing for mutation similarities, 
which could possibly be due to harsh environmental conditions or natural selection, 
and testing for the potential of possible new speciation. The primer set did not 
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support testing for parental lineage, so therefore was not included in the 
concatenated tree. 
 The phylogenetic concatenated tree of ITS, rpl32-trnL, and trnH-psbA 
sequences illustrated well supported branches with the ability to differentiate 
Astragalus at the lowest taxonomic level.  The concatenated tree formed two large 
clades each descended from different ancestors; A. lentiginosus clade and A. 
mollissimus clade. A. lentiginosus clade separated between almost all A. 
lentiginosus varieties with 97.1% bootstrap values. Likewise, A. mollissimus clade 
separated between all A. mollissimus varieties with 95.2% bootstrap values, and A. 
cerussatus, A. trichopodus, and A. wootonii were closely related with bootstrap 
values of 70.1% (Figure 5). A. lentiginosus var. wahweapensis was not included 
because it lacked good sequence for all three regions. 
 In this study, differentiation among Astragalus species and varieties from the 
western United States was generally successful. The utility of ITS in constructing 
phylogenetic trees has been a concern due to the possibility of either paralogous 
regions or the existence of imperfect copies of functional genes, or both, within 
repeats of the ribosomal DNA arrays. Thus, molecular differentiation of Astragalus 
species and varieties was done using the ITS region coupled with regions from the 
chloroplast genome. The chloroplast noncoding regions, including introns and 
intergenic spacers, have been extensively used in molecular systematics for low 
level taxonomic studies under the assumption that noncoding regions provide 
greater informative sites for phylogenetic analysis because chloroplast coding 
regions would not evolve fast enough to provide sufficient informative sites (Gielly 
and Taberlet, 1994). Testing the trnH-psbA vs. rpl32-trnL non-coding regions 
across A. mollissimus varieties illustrated higher potential informative sites (PICs) 
in the rpl32-trnL region than the trnH-psbA region, which agrees with the analysis 
of Shaw et al., (2005; 2007).  
 Our study with the differentiation of A. lentiginosus varieties in the 
concatenated phylogenetic tree of the three primer sets contrasts with Scherson et 
al., (2008) in that we were able to distinguish between A. lentiginosus var. 
araneosus and A. lentiginosus var. diphysus. Scherson et al., (2008) used a 
combination of markers from both the nuclear genome and the chloroplast genome, 
however, their phylogenetic tree failed to differentiate between those two varieties, 
most probably indicating the insufficient numbers of informative sites in the primer 
sets they used (ITS, the chloroplast spacers trnD-trnT, and trnfM-trnS1). On the 
other hand, our study, with the differentiation of A. mollissimus varieties in the 
concatenated phylogenetic tree of the three primer sets generally agreed with that 
of Kulshreshtha et al., (2004). The phylogenetic analysis of Kulshreshtha et al., 
(2004) of Astragalus mollissimus varieties showed that A. mollissimus var. bigelovii 
and A. mollissimus var. mogollonicus were descended from the same ancestor with 
bootstrap values of 64% along with A. mollissimus var. mollissimus and A. 
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mollissimus var. earlei.  The concatenated phylogenetic tree of this study showed 
A. mollissimus var. earlei and A. mollissimus var. mollissimus as closely related 
with bootstrap values of 100%, and A. mollissimus var. mogollonicus and A. 
mollissimus var. bigelovii as closely related with bootstraps values of 99.4%.   
It was previously suggested that the genome organization and gene content of the 
chloroplast genome of angiosperms is highly conserved, but results from Lei et al., 
(2016) and the results of this study contrast with that theory. Lei et al., (2016) 
identified gene losses in all or some of 36 chloroplast genomes of Papilionoideae. 
Also, the large deletion event in A. mollissimus var. earlei, and A. mollissimus var. 
mollissimus found in this study suggests that the chloroplast genome could be 
undergoing extensive genome rearrangement and gene losses that could result in 
new speciation of these taxa. 
 Recent studies have shown a strong correlation exists among species that 
contain swainsonine and species that share common morphological characters and 
genetic relatedness (Cook et al., 2016, 2017).  For example, previous phylogenetic 
research defined a clade composed of North American Astragalus species 
belonging to the Pacific Piptolobi and small-flowered Piptolobi as well as several 
South American species (Wojciechowski et al., 1999, 2005; Scherson et al., 2008). 
Cook et al., (2016, 2017) reported that most 13 of the 14 species in this clade 
contained swainsonine. Wojciechowski et al., (2005) detected the phylogeny of an 
IR-lacking clade based on parsimony analysis of combined plastid matK gene and 
nrDNA ITS data.  Two species of Astragalus were grouped together, A. 
lonchocarpus and A. nothoxys, both of which swainsonine was not detected (Cook 
et al., 2016).  Scherson et al., (2008) studied the relationship among species of Neo-
Astragalus using ITS and chloroplast spacers trnD-trnT and trnFM-trnS. In their 
phylogenetic tree, A. allochrous var. allochrous and A. thurberi were grouped 
together and were reported to have 0.18% swainsonine level for A. allochrous var. 
allochrous and 0.16% swainsonine level for A. thurberi. Also, A. lentiginosus var. 
variabilis and A. lentiginosus var. australis were grouped together and both 
reported to have 0.03% swainsonine levels (Cook et el., 2016). Results from this 
study support a correlation between the presence or absence of swainsonine in a 
given taxa and its genetic relatedness.  For example, we found a close relationship 
between A. lentiginosus var. pohlii and A. lentiginosus var. platyphyllidius both of 
which were reported not to contain swainsonine while all the other varieties of A. 
lentiginosus included in this study are reported to contain swainsonine.  Likewise, 
among the different varieties of A. mollissimus, those varieties that were generally 
more closely related (thompsoniae, matthewsii, and mogollonicus) all contain trace 
amount of swainsonine compared to varieties (mollissimus, and earlei) that are 
more closely related and contain much greater concentrations of swainsonine. In 
this study, A. mollissimus. var. bigelovii was shown to be closely related to those 
varieties with only trace amount of swainsonine, although, it had been previously 
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described to have an intermediate level of swainsonine (Vallotton et al., 2012, Cook 
et al., 2016).    
 For future studies associated with molecular systematics for identification on 
low taxonomic levels, especially for plants that overlap among species, we 
recommend using several genes to generate well-supported phylogenetic trees, 
choosing genetic markers from different genomes, nuclear universal markers for 
conservation, and plastid markers for variability, and using chloroplast genome 
areas since they are highly conserved and provide sufficient variability for 
maximum differentiation. For conservation, we recommend coding regions, or 
noncoding regions that were previously suggested as conservative sites such as 
transfer RNA genes used in this study based on Shaw et al., (2005, 2007), and the 
fully sequenced chloroplast genome of A. membranaceus (Lei et al., 2016). For 
variability, we recommend informative sites, insertion and deletions; those mostly 
found in noncoding regions, intergenic spacers, and introns. Because gene and 
genome duplication are pervasive forces in the molecular evolution of angiosperms, 
we recommend using genetic markers from the large single copy (LSC), or the 
small single copy (SCC) of the chloroplast genome. 
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Table 3. GenBank accession numbers and voucher numbers for the plant samples used in this study.  
 
    GenBank accession numbers   
Plant Voucher ITS  rpL32-trnL trnH-psbA   DEf-DEr 
Astragalus amphioxys TC 1-3/ NM 1-3 MK391003.1      MK414456            MK414455 MK790158 
Astragalus trichopodus KE 1-1/ CA 1-1 MK391159.1      MK431806 MK431789 MK790160 
Astragalus wootonii TC 2-1/ NM 2-1 MK391499.1      MK431805 MK431788 MK790159 
Astragalus cerussatus CO 1-2/ CO 1-2 MK391498.1      MK431807 MK431790 MK790161 
Astragalus mollissimus var. mollissimus FA 30-1/ NM 30-1 MK391497.1      MK431808 MK431791 MK790162 
Astragalus mollissimus var. matthewsii SJ 6510/ NM 6510 MK392078.1      MK431811 MK431794 MK790165 
Astragalus mollissimus var. earlei AP 4-1/ TX 4-1 MK392076.1      MK431809 MK431792 MK790163 
Astragalus mollissimus var. thompsoniae SH 10-1/ NM 10-1 MK392077.1      MK431810 MK431793 MK790164 
Astragalus mollissimus var. mogollonicus MO 7203/ NM 7203 MK392086.1      MK431813 MK431787 MK790167 
Astragalus mollissimus var. bigelovii CR 222/ NM 222 MK392085.1      MK431812 MK431786 MK790166 
Astragalus lentiginosus var. wahweapensis HA 12-1/ UT 12-1 MK392080.1      MK431817 MK431798 MK790171 
Astragalus lentiginosus var. macrolobus SUR 000/ NM 000 MK392079.1      MK431820 MK431801 MK790174 
Astragalus lentiginosus var. platyphyllidius ON 1-4/ ID 1-4 MK392083.1      MK431816 MK431797 MK790170 
Astragalus lentiginosus var. pohlii TO 1-3/ UT 1-3 MK392082.1      MK431815 MK431796 MK790169 
Astragalus lentiginosus var. stramineus LI 14740/ NV 14740 MK392088.1      MK431819 MK431800 MK790173 
Astragalus lentiginosus var. lentiginosus JU 26-1/ OR 26-1 MK392084.1      MK431814 MK431795 MK790168 
Astragalus lentiginosus var. maricopae MA 13194/ AZ 13194 MK392081.1      MK431818 MK431799 MK790172 
Astragalus lentiginosus var. floribundus SA 14550/ NM 14550 MK392087.1      MK431821 MK431802           -     
Astragalus lentiginosus var. araneosus UT sanderson 1003/ UT 22a-1 EU282968.1       MK431822 MK431803 MK790175 
Astragalus lentiginosus var. diphysus AZ sanderson 988/ AZ 18-1 EU282977.1       MK431823 MK431804 MK790176 
      
Two sections in the voucher numbers indicates equivalent numbers nuclear/chloroplast.  
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Figure 1. Maximum parsimony tree illustrating the relationship among Astragalus 
species and varieties based on ITS1-f/ITS4-r sequences. Numbers adjacent to nodes 
represent maximum parsimony bootstrap values. Tree constructed using Heuristic 
search strategy, rooted approach using A. amphioxys as the outgroup, and 1000 
replicates.  
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 Figure 2. Maximum parsimony tree illustrating the relationship among Astragalus 
species and varieties based on rpl32-f/trnL-r sequences. Numbers adjacent to nodes 
represent maximum parsimony bootstrap values. Tree constructed using Heuristic 
search strategy, rooted approach using A. amphioxys as the outgroup, and 1000 
replicates. 
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 Figure 3. Maximum parsimony tree illustrating the relationship among Astragalus 
species and varieties based on trnH-f/psbA-r sequences. Numbers adjacent to nodes 
represent maximum parsimony bootstrap values. Tree constructed using Heuristic 
search strategy, rooted approach using A. amphioxys as the outgroup, and 1000 
replicates. 
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 Figure 4. Maximum Likelihood tree illustrating the relationship among Astragalus 
species and varieties based on the hyper mutation sequences of the DE region DE-
f/De-r. Numbers adjacent to nodes represent maximum likelihood bootstrap values. 
Tree constructed using Heuristic search strategy, unrooted approach, and 1000 
replicates. 
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Figure 5. UPGMA concatenated tree illustrating the relationship among Astragalus 
species and varieties based on ITS1-f/ITS4-r, rpl32-f/trnL-r, and trnH-f/psbA-r 
sequences. Numbers adjacent to nodes represent the consensus support. Tree 
constructed using Tamura-Nei as the genetic distance model using Geneious prime 
2019.2.3 tree builder with 1000 replicates and 70% support threshold. Tree was 
rooted and A. amphioxys was used as the outgroup.  
A. amphioxys
A.lentiginosus.platyphyllidius
A.mollissimus.thompsoniae
A.lentiginosus.pohlii
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